The subseafloor marine biosphere may be one of the largest reservoirs of microbial biomass on Earth and has recently been the subject of debate in terms of the composition of its microbial inhabitants, particularly on sediments from the Peru Margin. A metagenomic analysis was made by using whole-genome amplification and pyrosequencing of sediments from Ocean Drilling Program Site 1229 on the Peru Margin to further explore the microbial diversity and overall community composition within this environment. A total of 61.9 Mb of genetic material was sequenced from sediments at horizons 1, 16, 32, and 50 m below the seafloor. These depths include sediments from both primarily sulfate-reducing methane-generating regions of the sediment column. Many genes of the annotated genes, including those encoding ribosomal proteins, corresponded to those from the Chloroflexi and Euryarchaeota. However, analysis of the 16S smallsubunit ribosomal genes suggests that Crenarchaeota are the abundant microbial member. Quantitative PCR confirms that uncultivated Crenarchaeota are indeed a major microbial group in these subsurface samples. These findings show that the marine subsurface is a distinct microbial habitat and is different from environments studied by metagenomics, especially because of the predominance of uncultivated archaeal groups.
W
ith perhaps one-third of Earth's biomass (1), the marine subsurface represents a unique, widespread, and largely understudied microbial ecosystem that influences large-scale geochemical cycles (2) . It has been difficult to determine which microorganisms are responsible for most major geochemical cycles in the subsurface, including those for methane and sulfate (3, 4) . Recently, a study of the isotopic fractionation of carbon pools in the subsurface led to the suggestion that new metabolisms may be possible in this unique environment, where substrates are restricted and cells may survive on incredibly long time scales (5) .
The microbial groups that have been detected in the marine subsurface, especially from sediments collected on Ocean Drilling Program (ODP) Leg 201, are composed mostly of uncultivated representatives. The bacterial groups predominating clone libraries from these sediments include JS1 and Chloroflexi (4, 6, 7) . Archaeal groups that predominate clone libraries include DSAG (MBGB), MCG, MBGC, and SAGMEG (4, (7) (8) (9) . Most of these groups are either characteristic to the subseafloor or have discrete subsurface clades and are unique enough that they may not amplify well with traditional primers (10) .
In addition to potentially providing insight into the genetic functions of subsurface organisms, a metagenomic analysis provides additional information about the members of the microbial population. This is particularly important for the sediments collected from the Peru Margin during ODP Leg 201, where previous studies have yielded widely divergent views about the prevalence of Archaea in the subsurface. Some studies suggest that Archaea are a small minority of the subsurface community (4, 11) whereas others indicate that Archaea are the majority of the population (5), and still others suggest an intermediate result (12) . Methodological differences may be responsible for these disparate views, perhaps caused by differences in levels of cellular activity.
It has been proposed that metagenomic analysis yields the most accurate quantitative view of the microbial world (13) . Multiple methods are available for metagenomic research and whereas all provide a direct view of the microbial population, pyrosequencing may allow the least bias because DNA is not replicated in Escherichia coli, and no specific primers are used (14) . For the deep subsurface, the lack of primer discrimination is of particular importance because of the potential to discover novel microbial groups (10) . Additionally, pyrosequencing is the most feasible sequencing approach to apply to deep sediment because of the extremely low DNA yields from this environment (15) . Pyrosequencing has been shown to be useful and accurate in describing the microbial community found within a deep mine (16), a wooly mammoth (17) , and honey bee colonies (18) . Here, we use pyrosequencing to gain a fresh view of the microbiology of the ODP Leg 201 sediments, advance our understanding of this immense ecosystem, and test whether Archaea achieve a significant population at depth. GS-20 Sequencer. This dataset was analyzed against the nonredundant database by BLASTX. Only 5.65-14.14% of the metagenome had a detectable homology (Table 1) , with the lowest similarity at 16 mbsf. When searched against the protein family database (Pfam), 3.06-8.01% of reads could be classified into a protein family [ Table 1 and supporting information (SI) Dataset S1]. The results from both search methods were compared, and a high level of similarity was found, typically with BLAST comparison providing a more detailed annotation than Pfam comparison, confirming the validity of BLAST comparison for general annotation. Because WGA can be prone to stochastic bias, a comparison of BLASTX results for the original (unamplified) and amplified 1-mbsf samples was made. It revealed similar complexity in the two datasets: The maximum (and average) number of matches to a single database sequence was 32 (1.411) and 31 (1.443) for original and amplified, respectively.
The best match to the Pfam database was used as the identity for a rudimentary classification of sequence reads into metabolic categories, based on gene ontology (GO) terms. By using these categories, 2.35-6.08% of data were separated into an assigned category [Tables 1 and 2 and Dataset S2] , and some data occupied more than one category. Detailed geochemical and lithological data available for this environment (22) suggests that metabolic genes would largely vary with depth. With depth, however, there were few observed overall changes in metabolic functional classes ( Table 2) . As expected, decreasing amounts of genes coding for locomotion and cell communication were seen with increasing depth. Genes coding for aromatic compound degradation were seen at higher levels Ͻ1 mbsf and those coding for phosphorous metabolism became more rare at depth (Table  2) . Surprisingly, genes for methanogenesis and photosynthesis did not vary greatly with depth, averaging 1.186% and 0.05% of total genes, respectively.
As in most subsurface marine environments, the major microbial metabolic pathways in this environment are expected to be sulfate reduction and methanogenesis. At ODP Site 1229, methane is produced in the sediment column, with maximum pore-water concentrations observed at 50 mbsf (22) . However, to a first order, there is no overwhelming evidence of such a metabolic change reflected in the metagenome (Table 2) . Some evidence for methanogenesis at 50 mbsf is seen by the detection of the gene for methylene-5,6,7,8-tetrahydromethanopterin dehydrogenase, an essential enzyme in the methanogenesis pathway. This gene is detected more frequently at greater depths, with one detection each at 1 and 32 mbsf and four at 50 mbsf. However, despite the geochemical evidence that methanogenesis is a major subsurface metabolism at this site, no homologs of methyl-coenzyme reductase (mcrA) were seen, despite specific attempts to recognize the gene.
Based on the pore-water profiles of sulfate at ODP Site 1229, sulfate reduction is expected to be abundant at 1, 16, and 32 mbsf and absent at 50 mbsf (22) . In this metagenome, at 1 mbsf, a gene for the ␤-subunit of sulfite reductase was detected, and at 16 mbsf, a gene similar to the ␣-subunit of dissimilatory sulfite reductase was found. No sulfite reductases or other marker genes for sulfate reduction were detected in the metagenome at 32 mbsf, despite the generally very high level of conservation of these genes across all branches of life (23) . As expected, no such genes indicative of sulfate reduction were found at 50 mbsf.
By using the most similar sequence to assign phylogenetic identity, the metagenome makes small but significant changes with depth (Fig. 1) . The 1-mbsf samples are distinct from deeper samples, which have a larger number of archaeal genes and a lower number of proteobacterial genes. In the 1-mbsf samples, 22-24% of the metagenome matches proteobacterial genes and this decreases to 16%, 15%, and 15% at 16, 32, and 50 mbsf, respectively. In contrast, the abundance of euryarchaeotal genes starts at 12-16% at 1 mbsf and then increases to 21%, 21%, and 22% at 16, 32, and 50 mbsf, respectively. Three other groups also have interesting trends. The genes related to Chloroflexi and Firmicutes remain The differences between 1 original and 1 amplified have been used as a measure of ''noise.'' The * denotes categories with an above-noise degree of change consistent with a depth trend. More detailed annotation information may be found in Dataset S1.
mostly constant, with Chloroflexi gene relatives ranging from 12% to 16% and Firmicutes from 16% to 18% of the total genes, independent of depth. Crenarchaeota, initially at 2% at 1 mbsf, climb to 8% at 16 mbsf, 6% at 32 mbsf, and 8% at 50 mbsf. Finally, eukaryotic gene relatives are seen throughout the sediment column. Eukaryotic gene relatives include members of the Apicomplexa, Arthropoda, Ascomycota, Basidiomycota, Chlorophyta, Chordata, Echinodermata, Microsporidia, Nematoda, Platyhelminthes, and Streptophyta. The phylum that is consistently well represented throughout all sediment depths is Ascomycota, some of which have been cultivated from these sediments (24) . At 50 mbsf, Chordata help make an unexpected 5% increase in eukaryotic gene relatives, a possible result of amplification bias or contamination because the excess sequences appear similar. The other group responsible for this large increase is again the Ascomycota, the only cultured eukaryotes of this environment. Although the phylogenetic identity of a BLAST hit provides an initial analysis of the subsurface metagenome, general metabolic genes are not exact phylogenetic markers. Additionally, many subsurface microbial groups such as JS1, DSAG, MCG, and SAGMEG have no close relatives whose genomes have been sequenced, which may cause their sequences to be assigned to a more distant relative. To get a better view of the phylogenetic distribution across the subsurface metagenome, a search specific for ribosomal protein genes was undertaken. By using matches to Pfam entries, the metagenome was analyzed specifically for a set of 24 ribosomal protein genes chosen as a subset of 31 ribosomal protein genes that have been used to provide phylogenetic identification of metagenomes (Table S1 ) (14, 25) . An average of 92 ribosomal protein genes was found within each sample. According to the phylogenetic identity of these ribosomal proteins (Fig. 2) , the major changes seen with depth are Proteobacteria decreasing with depth (from 18% at 1 (original) to 5% at 50 mbsf) and Euryarchaeota increasing with depth (from 11% at 1 (original) to 42% at 50 mbsf). Additionally, Crenarchaeota make up only 2% (original) and 1% (amplified) of the proteins seen at 1 mbsf, however, they increase to 12%, 11%, and 8% at 16, 32, and 50 mbsf. Other changes seen fall within the ''noise'' seen by the comparison of 1-mbsf original and amplified datasets. In these two samples, Spirochaetes increase by 5%, and Planctomycetes decrease by 5% in the amplified dataset, whereas other phylogenetic groups shift only 1-2% between samples. Table S1 ). Shown are the percentages of the total of identifiable hits (1 original, n ϭ 107; 1 amplified, n ϭ 79; 16 mbsf, n ϭ 65; 32 mbsf, n ϭ 97; 50 mbsf, n ϭ 130).
The results of this ribosomal protein analysis (Fig. 2) , although reflecting the total gene analysis nicely (Fig. 1) , were in contrast with previous studies of ribosomal RNA genes from ODP Site 1229. Previous studies detecting 16S rRNA saw high levels of Crenarchaeota and little if any signal for Euryarchaeota (4, 5) . Although the discovery of a large number of Euryarchaeota could be precipitated by the primer-independent method of pyrosequencing, there is also the possibility that so few crenarchaeal sequences are known that database searches miss or misidentify these unique subsurface microbial groups (10, 26) . Therefore, an in silico search for small-subunit ribosome, or 16S rRNA, gene was made to provide biomarkers for either domain. Because the 16S rRNA genes have been characterized from many environments, including these deep Peru Margin sediments (4-6, 8-11, 26, 27) , they provide a more complete database from which to ascertain the phylogenetic identity of marker genes.
Based on BLASTN comparison, matches to small-subunit ribosomal genes often had high homology (expectancy values Ͻ1 ϫ 10 Ϫ9 ). Because it is difficult to define a species from a single 100-bp sequence, but not difficult to assign a microbial group, results were classified into the same groups as used in the prior analysis (Figs. 1 and 2) . The 1-mbsf 16S rRNA phylogenetic profiles (Fig. 3) vary between original and amplified samples, unlike the more consistent whole-genome phylogenetic profiles ( Figs. 1 and 2 ). Single-gene identifications are not as reliable as multigene identifications because the dataset may not be sufficiently sampled [suggested by the lack of assembly of these sequences (data not shown) and also because of the potential for single-gene amplification bias created by WGA. As such, the change between the original and amplified datasets at 1 mbsf served as a control for the potential variation or ''noise'' that could occur in other samples with depth.
Despite this variation, two stark trends become apparent. First, as with the total metagenome, the overall percentage of archaeal 16S rRNA genes increases with depth, making up to 88% of the total ribosomal genes at 50 mbsf (Fig. 3) . Surprisingly, these 16S rRNA genes are all from Crenarchaeota. Second, the number of Chloroflexi 16S rRNA genes decrease at 50 mbsf, going from 30% to 72% of the population at 1, 16, and 32 mbsf down to 6% at 50 mbsf. Small subunit ribosomal genes for Proteobacteria, Firmicutes, Planctomycetes, Actintobacteria, Acidobacteria, Bacteriodetes, and Thermotogae are also detected in smaller numbers and with no consistent trend with depth. Many relatives of the detected sequences had been reported during studies on Peru Margin sediments (Tables S2-S6) .
Because of the discrepancy between whole gene/ribosomal protein phylogenetic profiles and small-subunit ribosomal RNA gene detection in terms of archaeal relatedness, DNA extracted from Peru margin sediments was also analyzed by qPCR. The SYBR green method was used to detect small-subunit ribosomal genes with appropriate primer sets to specifically amplify general Bacteria and low-temperature Crenarchaeota (see SI Text). Primer sets were also tested for other microbial groups but failed to be group-specific under the test conditions. By using this approach, the number of ribosomal RNA genes in each nanogram of total DNA for both original and WGA samples was calculated at each depth studied (Fig. 4) , and the relationship of Crenarchaeota with depth and the ratio of Crenarchaeota to Bacteria was determined.
Based on qPCR, the 1-mbsf samples are dominated by bacterial rRNA genes, as seen for 16S rRNA genes in the metage- Fig. 3 . Phylogenetic groups of subsurface metagenome, based on 16S rRNA homologous gene fragments. Shown are the percentages of the total of identifiable hits (1 original, n ϭ 39; 1 amplified, n ϭ 18; 16 mbsf, n ϭ 56; 32 mbsf, n ϭ 65; 50 mbsf, n ϭ 17). nome. At 16 mbsf, the microbial community seen by qPCR reflects the metagenome in that it is nearly evenly split between Crenarchaeota and Bacteria (16S rDNA in the metagenome is 53% Crenarchaeota). Additionally, there is good agreement between the original and amplified DNA samples at 1 and 16 mbsf, suggesting little if any stochastic WGA bias (in terms of small-subunit ribosomal genes) occurred at these depths. No PCR inhibition was exhibited by either of these samples.
At 32 and 50 mbsf, qPCR analysis of the small amounts of original DNA was hampered by PCR inhibitors present in the sample. To overcome this, the DNA samples were diluted and measured at different dilutions, and averages were taken for both DNA concentration measurements and qPCR results from different DNA dilutions. No inhibition of DNA measurement or PCR was observed in the amplified samples. At 32 mbsf, qPCR analysis shows Bacteria appear to be more abundant than the Crenarchaeota, although in the amplified samples, the difference between the groups is small (16S rRNA genes in the metagenome are 54% Crenarchaeota). At 50 mbsf, there is large error in the original DNA qPCR measurements, because of the aforementioned inhibition that resulted in little reproducibility in results. The WGA sample at this depth shows a larger number of crenarchaeal rRNA genes with small error, presumably from relief from inhibition. At 50 mbsf, Crenarchaeota account for 88% of 16S rRNA gene sequences in the metagenome. By qPCR, they are still dominant in the amplified DNA but by a lesser margin. Based on clone libraries made after the qPCR, most Bacteria amplified are related to the Chloroflexi genera and the Archaea are related to low-temperature Crenarchaeota, similar to the phylogenies seen in the metagenome (Fig.  3 ). Also consistent with the 16S rRNA genes detected in the metagenome is the increase in Crenarchaeota seen between 1 mbsf and deeper sediment horizons.
Discussion
This metagenome from deeply buried sediment allows the examination of many uncutivated groups of microorganisms. Many genes (up to 85%) in this environment are unidentifiable, with no close relatives in the nonredundant database. In contrast, tests using the genome from the Crenarchaeon Pyrobaculum showed that when good homologous genes are available for identification, at least 55% of a novel genome can be identified despite the short gene fragments generated by GS20 pyrosequencing (details in SI Text). However, it is difficult to ascertain what portion of the unidentifiable sequences are novel, chimeras, other amplification artifacts, or may be identified once closer relatives are in the genomic databases.
The analysis of identified metabolic functional genes, as sorted by GO category, showed little relevance to the geochemistry measured at ODP Site 1229. Although total euryarchaeotal genes increased in areas presumed to be responsible for methane generation, few functional methanogenesis genes were found. Additionally, sulfate reduction is rampant in shallow sediments, yet few genes were found for this process. As with previous studies of the subsurface, the potential does remain that this environment may house organisms with metabolisms that are too distinct to detect (4, 5) . However, this study did not rely on primer amplified fragments, meaning that the divergence would have to be so great as to not be detected even with homologous gene detection.
The bacterial group Chloroflexi has again been shown to be a major part of the subsurface microbial community in both the metagenome and qPCR analysis. Many groups of uncultivated Chloroflexi have been found in previous subsurface studies and a wide phylogenetic group is assembling (4). The potential metabolic diversity of this group is unknown, and although many of the genes from the subsurface were very similar to those known from Dehalococcoides ethenogenes, the ribosomal sequences are still quite distinct, making metabolic assignment based on this cultivated representative unreliable.
In this metagenome and in the qPCR results, Archaea are a significant portion. However, many subsurface studies have concluded that Archaea are an insignificant portion of the subsurface community (4, 11) . A new analysis of the methods used in these studies may explain some of these results, because the commonly used TaqMan qPCR primers may detect only 10% of the MCG group of Archaea commonly found in the subsurface (10) . The current study also may explain the decrease of reliable detection by qPCR with depth (Fig. 4) . Generally, the results suggest that as total DNA becomes scarce and the quality of that DNA decreases with depth, the qPCR estimations of the microbial populations decrease, with those for the Crenarchaeota decreasing more than those for the Bacteria. DNA quality and quantity can be improved by WGA (Fig. 4) , which may yield better detection levels, but this is not a recommended solution because of potential stochastic bias in WGA. The growing evidence of archaeal importance in the subsurface (5, 9, 28, 29) makes subsurface archaeal groups important to examine in future studies.
Of these archaeal groups, this study predicts that the Crenarchaeota are a dominant phylotype of the sediment at depth, based on the focused search for small-subunit ribosomal genes in both the metagenome and by qPCR. Although this does not agree with the phylogenetic profile seen for total genes or ribosomal proteins, this does agree with previous results measuring phospholipids and rRNA (5), which showed that Crenarchaeota were the dominant active fraction of the microbial population at depth on the Peru Margin. Many of the known crenarchaeal groups of the subsurface, particularly the MBGB (DSAG) and AAG Archaea, branch quite low, based on 16S rRNA, in the crenarchaeal clade (7, 9, 10) . The apparent underrepresentation of Crenarchaeota in the metagenome could be due to the large distance between these subsurface crenarchaeal groups and the nearest relatives with sequenced genomes, leading archaeal genes to be misidentified as euryarcheal or unidentified altogether. Additionally, the suggestion also remains that ribosomal sequences from Euryarchaeota, particularly methanogens, may be unusual (4). However, by using the primer-independent approach of pyrosequencing, it should be possible to detect a small subunit ribosomal gene, even in cases where conserved primer pairs fail.
An analysis of multiple metagenomes found Proteobacteria to be the consistently dominant microbial group found in the environment (13) . At 1 mbsf, the homologous genes of the subsurface metagenome are predominantly proteobacterial, as in these other environments. The dominance of Bacteria at 1 mbsf has also been seen through fluorescent in situ hybridization (FISH) of fixed sediments from ODP Site 1229 (5) . However, at depth, the subeafloor metagenome becomes a unique dataset, with Archaea becoming a dominant group based on ribosomal sequence analysis (Figs. 2 and 3) . It was also shown by FISH, rRNA, and lipid analysis that Archaea, in particular Crenarchaeota, are abundant at depth at this site (5) . Archaea have also been suggested by both 16S studies and lipid analyses to be the most abundant microbial domain in other subsurface marine sediments (28, 29) . Crenarchaeota have often been found as dominant microorganisms in deep ocean waters through PCRbased and microscopic studies (30, 31) . Archaea have also been shown by 16S rRNA clone libraries to be dominant in limited subsurface ecosystems (32, 33) and acid mine drainage (34) .
In contrast to other metagenomic studies of terrestrial and pelagic environments, which show Archaea to be in minimal numbers, these metagenomic results, along with SYBR-greenbased qPCR, show high numbers of Archaea at depth. The influence of Archaea on geochemical cycles, other than methane generation, has largely been ignored in many estimates of global activity. As Leininger et al. (35) and Wuchter et al. (36) determined, Crenarchaeota may be the dominant contributors to nitrification in both terrestrial and pelagic environments, and although archaeal genes for ammonia oxidation have been found in other environments, none have been detected in the subsurface metagenome. However, because the majority of the metagenome did not match database sequences, little information about the dominant metabolic functions can be deduced for these sites. The metagenome results presented here clearly illustrate the need for a higher number of crenarchaeal or subseafloor genome sequences to be in the databases. The microbial populations in the marine subseafloor are distinctly different from many surface and pelagic environments, and until further information becomes available for comparison, the true diversity and function of these interesting microbes will likely remain hidden.
Materials and Methods
DNA Extraction. Sediment samples were collected on-ship and frozen at Ϫ80°C (22) . Samples were shipped on dry ice to Pennsylvania State University and were kept at Ϫ80°C until analysis. Sediment cores from ODP Leg 201 Site 1229 were used in this study. Sediments from ODP Site 1229 horizons: 1H1 (1 mbsf), 3H2 (16 mbsf), 4H5 (32 mbsf), and 7H1 (50 mbsf) were placed at Ϫ20°C overnight and then aseptically scraped. The first centimeter of sediment material was discarded. Subsequent scrapings were homogenized and weighed. The MoBio UltraClean Microbial DNA kit (MoBio Laboratories) was used to perform DNA extractions, with modifications (described in SI Text).
Evaluation and Amplification of Extracted DNA. The concentration of extracted DNA was measured by using the Quant-It PicoGreen dsDNA reagent (Invitrogen). Only the 1-mbsf sample contained enough DNA to perform direct sequencing (referred to as original). Therefore, the remaining samples were subjected to a whole-genome amplification using the REPLI-g Mini kit (Qiagen) according to the manufacturer's instructions. In addition, a dilution of 1-mbsf sample was also subjected to WGA (1 amplified). The reaction was left at 30°C for 8 h, after which a 3-min inactivation at 65°C was performed. Approximately 6 g of product was obtained for the 1-and 16-mbsf samples, and 4 g was obtained for the 32-and 50-mbsf samples. All amplified DNAs were diluted and checked for community composition by intergenic transcribed spacer fingerprinting by using both bacterial and archaeal primer sets as described (3) . The overall community composition between samples was similar.
Preparation of DNAs for Pyrosequencing. The original, unamplified DNA from the 1-mbsf sample was denoted ''1 original.'' Amplified samples were denoted ''1 amplified,'' ''16,'' ''32,'' and ''50.'' Samples were sequenced by the Pennsylvania State University Center for Genomic Analysis on a GS20 Sequencing System (454; Life Sciences) as described (17) .
Sequence Analysis. All samples were subjected to sequencing as half-plate reactions, where the Pico Titer plates were divided into two samples, resulting in a total of 61.9 Mb of sequence. Data has been deposited in the National Center for Biotechnology Information GenBank Archive (SRA001015). BLAST analyses were performed for total genes, ribosomal protein genes, and smallsubunit ribosomal genes (details in SI Text).
Quantitative PCR. Quantitative PCR was performed for both Archaea and Bacteria by using primer sets 519F/907R for Bacteria (37, 38) and 771F/957R for low-temperature Crenarchaeota (39) . Control DNAs were used to make standard curves to determine the number of ribosomes detected per threshold cycle. Creation of control DNAs, preparation of DNA templates, and reaction conditions are described in SI Text.
Threshold cycles were determined for each sample, and the standard curves from both archaeal and bacterial control plasmids were used to calculate ribosomal copy number for each sample. Based on the concentration of DNA added to the well, each sample was standardized to RNA copy number per nanogram of DNA, and the average and standard deviations for all samples from each horizon was taken.
